Undoped hematite nanowire arrays grown using plasma oxidation of iron foils show significant photoactivity (∼0.38 mA cm −2 at 1.5 V versus reversible hydrogen electrode in 1 M KOH). In contrast, thermally oxidized nanowire arrays grown on iron exhibit no photoactivity due to the formation of a thick (>7 µm Fe 1−x O) interfacial layer. An atmospheric plasma oxidation process required only a few minutes to synthesize hematite nanowire arrays with a 1-5 µm interfacial layer of magnetite between the nanowire arrays and the iron substrate. An amorphous oxide surface layer on hematite nanowires, if present, is shown to decrease the resulting photoactivity of as-synthesized, plasma grown nanowire arrays. The photocurrent onset potential is improved after removing the amorphous surface on the nanowires using an acid etch. A two-step method involving high temperature nucleation followed by growth at low temperature is shown to produce a highly dense and uniform coverage of nanowire arrays.
Introduction
Iron oxide is an earth-abundant and promising material for solar water splitting. There are three main types of iron oxide-FeO, Fe 3 O 4 (magnetite), and Fe 2 O 3 (hematite)-but it is hematite (α-Fe 2 O 3 ) which exhibits the desired properties [1] [2] [3] . It is an n-type semiconductor with a bandgap (E g ) of approximately 2.2 eV, which means it can absorb a large portion of the terrestrial solar spectrum. Hematite has also been shown to exhibit good stability in a wide pH range (pH > 3) [4] . The theoretical solar-to-hydrogen 4 Present address: Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, MN 55455, USA. 5 These authors contributed equally to this work. conversion efficiency (STH) of α-Fe 2 O 3 is 16.8% [5] . In comparison, the theoretical STH of WO 3 , a stable electrode material for water splitting, is 8% due to its large bandgap (E g = 2.6 eV) [5, 6] . Similarly, TiO 2 is well studied due to its stability [7] , but it is fundamentally limited by its high bandgap (3.2 eV). Additionally, hematite is particularly appealing because it is cheap, relatively easy to synthesize, environmentally benign, and composed of two of the most abundant elements on earth. Hematite has had limited success as a photoelectrochemical (PEC) catalyst, however, for several reasons: as a pure-phase material, it is a Mott-insulator, which means that though charge separation occurs, charge transport properties are poor [8] [9] [10] [11] ; typically synthesized as low quality polycrystalline films, hematite films exhibit high recombination rates due to crystal grain boundaries and the presence of random oxygen vacancies [12] ; it exhibits anisotropic conductivity, wherein conductivity along the (001) plane is four orders of magnitude higher than in the [001] direction [10, 13, 14] , which is again a particular issue for polycrystalline films; and the conduction band edge is typically ∼0.2 V too positive for unbiased hydrogen evolution [15] .
Currently, only a few methods have yielded significant activity using undoped hematite. In one study, a fluorinedoped tin oxide (FTO) substrate was coated with a monolayer of SiO x and then a thin layer (13 nm) of undoped hematite was deposited by spray pyrolysis. The photoactivity of this film was reported to be 0.56 mA cm −2 at 1.5 V versus reversible hydrogen electrode (RHE) and was attributed to improved hematite crystallinity resulting from the SiO x layer. A thin film of hematite on FTO made using microwave-assisted annealing of Fe thin film yielded a photoactivity of 107 µA cm −2 at 1.23 V versus RHE [17] . The authors attributed this photoactivity to lower processing temperatures and shorter synthesis times provided by microwave-assisted low temperature annealing that allow the thin film to retain its nanostructure while minimizing grain boundaries [17] . Mao et al synthesized both hematite nanorods and hematite nanotubes using an anodized aluminum oxide framework. The nanotubes exhibited a photoactivity of 2.2 mA cm −2 at 0.43 V versus Ag/AgCl and the nanorods exhibited close to 0.5 mA cm −2 at the same voltage [18] . It should be noted that all methods which yielded photoactivity from undoped hematite utilized foreign substrates [43, 44] . There have been numerous reports that studied doping or alloying hematite with foreign materials, such as Ti, Si, Au, and Pt, to improve photoconductivity [1, 19, 20] . Currently, the benchmark for enhanced hematite photoanodes is 3 mA cm −2 at 1.23 V versus RHE [21] .
Different morphologies may also reduce or eliminate the limitations of iron oxide. Nanowires can have fewer (or no) grain boundaries [22] [23] [24] , which are a serious problem in polycrystalline films because grain boundaries act as electron-hole trap sites [25] . One way to increase the efficiency of hematite, for example, is to minimize the length scale through which the minority carriers must diffuse, thus reducing the probability of recombination losses [26] . The geometry of nanorods/nanowires achieves just this, and in addition, the perpendicular orientation facilitates charge transport to the back contact without loss due to random pathways, such as in nanoparticle systems. Reducing the feature size to sub 5 nm dimensions may lead to quantum confinement, which may be beneficial if it leads to an upward shift in the conduction band energy [27] .
One-dimensional (1D) nanostructures are relatively new in this field and the limited number of studies with hematite nanorods have not yet shown significant photoactivity [1, 22] . In the majority of prior studies, hematite nanorods were synthesized using wet chemical synthesis methods or thermal oxidation approaches [24, [27] [28] [29] . The wet chemical process requires an acidic solution-with an iron precursor such as ferric chloride-a temperature of at least 390 • C, and may take a couple of hours. Thermal oxidation is typically done in a tube furnace, with an iron substrate, pure O 2 or a mix of CO 2 and SO 2 , and growths times of several to 24 h.
Our earlier study showed that by using pure oxygen RF plasma, nanowire arrays of several oxides could be synthesized in seconds [23] . The plasma oxidation grown hematite nanowires were single crystalline and exhibited a superstructure of repeating oxygen vacancy planes parallel to the growth direction along the (001) basal plane [24, 30] . As mentioned earlier, hematite exhibits a higher conductivity along the (001) plane, which means that these nanowires may exhibit excellent charge carrier conductivity to the back contact. Oxygen vacancies in hematite are traditionally responsible for significant losses in charge carrier conductivity, so the potential advantage of these nanowires for PEC electrolysis is that the carriers may conduct to the back contact without encountering vacancy trap sites.
Here, in this study, we used direct plasma oxidation with atmospheric pressure (AP), microwave (MW) plasma and also low pressure (LP) inductively coupled plasma (ICP) to create hematite nanowire arrays. Most importantly, we studied the PEC activity of hematite nanowire arrays grown using both thermal and plasma oxidation of iron foils to investigate the underlying reasons for inconsistency of hematite photoactivity in the literature.
Experimental procedures

Synthesis
Nanowires were synthesized using three methods: atmospheric pressure and low pressure plasma, and thermal oxidation. An atmospheric plasma jet MW reactor (shown in figure S1 in the supplemental information available at stacks. iop.org/Nano/23/194009/mmedia) was used for atmospheric pressure, microwave plasma oxidation of iron sheets (95%). This reactor is described in detail in [31] . The iron foils were exposed to plasma with an input power as high as 950 W and 2 slpm (standard liters per minute) Ar, 11 slpm air, 1 slpm H 2 for 10 min. For low pressure plasma oxidation, commercial iron sheets (98%) were used in an O-rich inductively coupled plasma (ICP) at approximately 100 Pa for 90 s. The process is described in detail in several publications [23, 24, 30, 32] . Thermal oxidation was performed in a Barnstead Thermolyne 1400 furnace under ambient atmosphere at 500 • C for 8 h. In each case, the iron pieces were initially sanded and wiped clean with ethanol to eliminate native oxides or surface contamination.
Characterization
An FEI Nova 600 NanoLab scanning electron microscope (SEM) was used for imaging. Energy dispersive x-ray spectroscopy (EDS) measurements were performed using an EDAX detector inside a JEOL 5310 SEM. A Renishaw Invia Micro Raman system with a He-Cd laser (325 nm) was used for Raman spectroscopy. For Raman on powder, aluminum was used as the substrate. Transmission electron microscopy (TEM) was done using an FEI Technai HR FEG TEM. A VG Scientific/RHK 62 Technology multi-chamber ultra-high vacuum (UHV) surface science system with a differentially pumped He-discharge UV lamp was used for UV photoelectron spectroscopy (UPS). A 7.40 V bias was applied to the sample using a battery. This bias was subtracted in the UPS spectrum. The samples were partially sputter coated with gold for reference spectra. The bandgap was determined by collecting diffuse reflectance spectra in a Perkin Elmer Lambda 950 UV-vis spectrometer. A Bruker D8 powder x-ray diffraction (XRD) system was used for iron oxide phase analysis.
Electrode preparation
The backside of each sample was sanded and cleaned to expose unoxidized iron, to which a coiled end of a long copper wire was glued using conducting silver epoxy. Glass tubing was use to shield the majority of the copper wire. All areas of the electrode except the hematite surface of interest were covered with two layers of insulating epoxy: Hysol 9462 and Hysol E120-HP. Pictures of the electrode assembly are shown in figure S2 (available at stacks.iop.org/Nano/23/ 194009/mmedia).
Photoelectrochemical characterization
The photoelectrochemistry setup and instrumentation included: a Princeton Applied Research Model 273A potentiostat/galvanostat; a three-electrode glass cell with a quartz front window; an Oriel 300 W Xe lamp solar simulator from Newport Instruments; a Newport model 77330 monochromator; a Thorlabs D10MM power meter with model PM100 readout; a computer with PowerSuite electrochemistry software; a platinum mesh counter electrode; saturated calomel electrodes (SCE, Accumet 13-620-51) and Ag/AgCl reference electrodes (Bioanalytical Systems, Corp, MF-2052); and an ultra-high purity N 2 line for sparging. The potentials of the SCE and Ag/AgCl versus NHE were 0.241 V and 0.207 V, respectively. The electrolyte was 1 M KOH, which is a typical electrolyte used for testing hematite electrodes and was chosen for consistency with other reports. Illustration of the PEC setup is shown in figure S3 (available at stacks.iop.org/Nano/23/194009/mmedia).
Results and discussion of results
Low pressure and atmospheric pressure direct plasma oxidation with continuous exposure over a few minutes resulted in uniformly dense arrays of highly oriented nanowires (figures 1(a) and (c)). These were 100-300 nm at the base and tapered down to approximately 10 nm at the tips, and up to 5-10 µm in length. Thermal oxidation of Fe sheets over several hours produced three types of morphologies: nanowires, nanoflakes, and larger wave-like microribbons (see figure 1(b) for nanowire arrays and other images in supplementary information available at stacks. iop.org/Nano/23/194009/mmedia). The nanowires occurred in dense arrays and were of the order of 5 µm in length, and tapered from 100 to 10 nm. All three morphologies uniformly covered the surface. Raman spectroscopy was performed on plasma and thermally oxidized samples and compared to bulk powder hematite. The Raman peaks (figure S4 in supplemental information available at stacks.iop.org/ Nano/23/194009/mmedia) agree well with those reported earlier [24, 28] and correspond to the α-Fe 2 O 3 phase.
UV-vis spectroscopy was performed to characterize the bandgap of the α-Fe 2 O 3 nanowires. It was necessary to use diffuse reflectance scans because the samples were opaque. The diffuse reflectance data were converted to absorbance using the relation A = R max − R, where R is the reflectance value and R max is the maximum reflectance value beyond the dip in diffuse reflectance. With this formula, the maximum absorbance is set to zero, where the curve representing the bandgap dips. The bandgap is then determined by extrapolating the straight portion of the curve. This method is discussed further in [33] . For the plasma samples, figure 2(a) shows the typical converted absorbance plot with the long wavelength edge extrapolated to E g = 2.1 eV, which is in agreement with previously reported estimates [34] . The bandgap nature of Fe 2 O 3 is generally agreed to be an indirect transition at around 2.1 eV [35] . Similarly, an absorbance plot was calculated from the diffuse reflectance data for thermal oxidation ( figure 2(b) ). Two significant dips in absorption were observed, correlating to 2.1 and 1.6 eV. The former is the expected indirect bandgap for hematite, but the lower energy transition is unexpected. One possible explanation is the presence of mixed phases either in the top or in the interfacial layer.
Open circuit potential (OCP) measurements were conducted in order to determine the conductivity type of the electrodes (n-or p-type). Potential was measured with time in the dark and then suddenly illuminated by AM 1.5 light; the resulting shift in potential indicates conductivity type, e.g. a negative (positive) change represents an n-type (p-type) semiconductor. The samples synthesized by plasma oxidation (figure S5 available at stacks.iop.org/Nano/23/ 194009/mmedia) showed n-type behavior. If the thermal samples were kept in ultra-high vacuum, the initial OCP scans showed n-type behavior, but with time reverted to a p-type response. It was possible to repeat these observations by placing the samples in vacuum again (the data are shown in figure S5 available at stacks.iop.org/Nano/23/ 194009/mmedia). The 1.6 eV offset from the He-1 scan for gold confirms that the thermally oxidized iron oxide samples are n-type (figure S6 available at stacks.iop.org/ Nano/23/194009/mmedia). As a confirmation of the n-type conductivity of the thermally oxidized sample, current density versus voltage (J-V) scans were conducted in the forward bias direction (figure S7 available at stacks.iop.org/Nano/23/ 194009/mmedia). For an n-type semiconductor, a negative (i.e. forward) bias creates an accumulation of negative charge at the surface, in which case the semiconductor exhibits near metallic conductivity-thus no photoactivity should be observed. Moreover, this condition can irreversibly damage the semiconductor. The dark and light curves for this (forward bias) test on thermally oxidized samples were nearly identical-indicating lack of photoactivity-and crisscrossed-indicating reduction of Fe 2 O 3 to Fe metal. The latter is supported by the observation that when samples were removed from solution, new oxidation (rust) was seen throughout the electrode surface. This degradation did not occur for the samples which were only reverse-biased. Therefore, relying on the OCP behavior after vacuum, the UPS data, and the above J-V data, it was concluded that the thermally oxidized electrodes were n-type.
Three-electrode J-V tests were used to compare the PEC performance of thermal and plasma oxidation grown samples. The low pressure plasma-oxidized samples produced much greater photocurrent than the thermally oxidized samples. Figure 3 shows the photocurrent of hematite nanowire array electrodes grown by thermal oxidation and plasma (low pressure, ICP) oxidation. The plasma grown samples exhibited significant photocurrent past 0 V versus SCE. At 1.5 V versus RHE, the photocurrent of the low pressure plasma sample was 0.38 mA cm −2 while thermally grown samples exhibited negligible photocurrent. Photocurrent data were obtained by subtracting the current-voltage data collected under no illumination from those obtained with illumination.
In order to further understand the drastic difference between the plasma-oxidized and thermally oxidized samples, the interface between the nanowire layer and the iron substrate was analyzed. Cross-sections reveal the presence of several layers: a top layer upon which the nanostructure grows, a middle layer, and a bottom layer. This is shown in figure 4 . Figures 4(a) and (c) represent the low pressure and atmospheric pressure samples, respectively. The EDS spectra were collected in discrete regions of the interface layers ( figure S8(a) available at stacks.iop.org/Nano/23/194009/ mmedia). In the plasma-oxidized samples, the top 3-5 µm of film contain both Fe and O, while everything below is Fe metal only. The XRD data for interface layer after gently removing the hematite nanowire arrays in figure S8(c) (available at stacks.iop.org/Nano/23/194009/mmedia) show hematite and magnetite (Fe 3 O 4 ) patterns. We determine, therefore, that the interfacial layer of plasma-oxidized samples is composed of a thin (<1 µm) hematite layer and a 1-5 µm magnetite layer. In figure 4(a) , the region identified as (1) is hematite, region (2) is magnetite, and regions (3) and (4) are Fe metal. In figure 4 (c), regions (1) and (2) are hematite, region (3) is magnetite, and region (4) is Fe metal. For the thermal samples ( figure 4(b) ), EDS spectra (figure S8(b) of supplementary data available at stacks.iop.org/Nano/ 23/194009/mmedia) of the discrete regions identify both Fe and O in regions (1) to (3) and only Fe metal in region (4) . With quantification of the Fe and O EDS peaks in the thick region (3), the Fe:O ratio is estimated to be 1:1, indicating that region (3) is Fe 1−x O. From the cross-section SEM images in figure 4(b) , the total thickness of the entire interfacial region in the thermally oxidized samples is 7.5-9 µm.
The development of a thick interfacial layer during growth of hematite nanostructures via thermal oxidation methods has also been reported elsewhere [28, 36] . The reported layers comprising the interfacial region in samples of hematite grown via thermal oxidation are <500 nm of hematite on top of approximately 0.5-2 µm of magnetite and 5-100 µm of wüstite (Fe 1−x O) [37] [38] [39] [40] . The latter layer identities and thicknesses are consistent with the characterization of thermally oxidized samples reported here. It should be noted that the photoactive hematite electrodes reported by others involve fast depositions of hematite onto foreign substrates (such as fluorine doped tin oxide) [16] [17] [18] . The use of foreign substrates avoids the formation of the thick interfacial layer. Unlike the thermally oxidized hematite nanowire samples, our plasma samples show significant photoactivity. We explain this by the absence of the thick Fe 1−x O layer in our atmospheric pressure and low pressure samples. By synthesizing hematite nanowires directly on iron foils using either low pressure or atmospheric pressure microwave plasma, the need for a foreign substrate is eliminated without developing the thick interfacial layer which is detrimental to PEC activity.
To confirm that the photoactivity of hematite nanowire arrays was a result of the nanowire array and not of the thin interfacial layer film underneath the nanowires, nanowires were delicately removed by scraping gently with a razor blade. The electrode with removed wires showed a significant drop in photoactivity, implying that the photoactivity was a result of the nanowire array. The light and dark J-V curves are shown in figure S10(b) (available at stacks.iop.org/Nano/ 23/194009/mmedia). Scanning at different light intensities under a constant voltage shows that the photoactivity of plasma grown hematite nanowire arrays have a linear dependence on light intensity as shown in figure 5 . This indicates that charge transfer happens rapidly at the nanowire semiconductor/electrolyte interface and transport within the hematite structure is not limiting the observed photoactivity [13] . If the transport through the semiconductor were diffusion limited, photoactivity would taper off as the light intensity increased and exhibit closer to a square root relationship with light intensity. TEM studies of nanowire arrays after PEC testing show that the nanowires retain the original structure as well as the oxygen vacancy super-lattice.
Some of the as-synthesized nanowire arrays using atmospheric plasmas showed little to no photoactivity. We investigated the samples for structural differences between atmospheric pressure and low pressure synthesized nanowire arrays using TEM. Structurally, both types of nanowire arrays were virtually identical except that atmospheric pressure nanowire arrays exhibited an amorphous oxide sheath on the nanowire surfaces ranging from 1-5 nm, as indicated in high resolution TEM images in figure 6(a) . The defect states in the amorphous oxide layer could serve as recombination sites for photogenerated carriers and decrease the photocurrent. In order to remove the surface oxide layer, the nanowire samples were dipped in dilute hydrofluoric acid for several minutes. The high resolution TEM analysis ( figure 6(b) ) showed that the amorphous oxide layer was completely removed, exposing the crystalline oxide surface. After removal of the amorphous oxide sheath, the nanowire array sample exhibited increased photoactivity. The photoactivity of nanowire array samples is compared before and after the HF acid treatment in the photocurrent data shown in figure S10(a) (available at stacks. iop.org/Nano/23/194009/mmedia). Also, the photocurrent onset potential shifted toward negative values after removal of the amorphous surface layer with HF acid treatment, indicating that the presence of the amorphous oxide layer can increase onset potentials in nanostructured metal-oxide PEC electrodes.
The protocol for atmospheric pressure nanowire growth was changed to involve a two-stage process, which yielded high density nanowire arrays with no amorphous layer on the surface ( figure 6(c) ). In the first stage, the iron foil is exposed to a dense oxygen plasma with input power between 750 and 850 W for 15-20 s, then in the second stage the plasma input power is decreased by 25% and held there for 3-5 min. The two-stage procedure is designed to increase nucleation density in the first step and preserve nanowire growth in the second step. The SEM image in figure 7(a) shows the typical image of highly dense, hematite nanowire array films on iron foils using this method. The as-synthesized nanowire array electrodes that did not show an amorphous oxide layer consistently exhibited the lowest photocurrent onset potentials. The J-V characteristics of the resulting hematite nanowire array films using this new technique are shown in figure 7(b) . The photocurrent onset potential is ∼0.8 V versus RHE. Onset Figure 7 . (a) SEM image of high density hematite nanowire array sample produced using high temperature nucleation followed by low temperature growth using atmospheric plasma oxidation. (b) Reproducible photoactivity characteristics of atmospheric plasma synthesized nanowire arrays. potentials for hematite electrodes are typically observed at 0.8-1.0 V versus RHE [41] . The flat-band potential is usually reported as 0.3-0.4 V versus RHE, which represents the ideal, or minimum, photocurrent onset potential [42] . The onset potential may be improved by introducing catalysts on the nanowire surface [41] , which is a subject of ongoing work. The photocurrent density values of the AP electrodes were lower than the best LP electrodes, which can be attributed to the delamination of nanowire array layers and slight variations in the interfacial layer thickness among samples. The elimination of the delamination and reducing the magnetite layer thickness will allow for improvement of the photocurrent density of the as-grown nanowire arrays on iron substrates using plasma oxidation methods. The atmospheric plasma oxidation grown nanowire array electrodes with no amorphous surface layer are stable and have reproducibly shown significant photoactivity, although with some variance inherent in the synthesis procedure. It is shown here that an amorphous oxide layer on hematite nanowire surfaces can impact the photoactivity of as-synthesized hematite nanowires. Significant increases in photoactivity and stability can be achieved by improving the surface crystallinity. This may further shed light on the variations in photoactivity among the many published hematite PEC devices.
Conclusions
Hematite nanowires grown by direct plasma oxidation of iron have been shown to have significant photoactivity. Hematite nanostructures grown by thermal oxidation, however, show minimal or no photoactivity due to a thick (>7 µm) Fe 1−x O layer. The hematite nanowire array electrodes exhibited variance in photoactivity. The variance in photoactivity of different samples is shown to result from an amorphous oxide layer grown during nanowire synthesis. An acid-etch technique was shown to remove the amorphous layer, reproducibly improving the photocurrent onset potential. High temperature plasma oxidation followed by lower temperature growth is shown to produce hematite nanowire arrays reproducibly, with consistent photoactivity and low onset potentials.
